The aim of this research was to study the mating system of a natural population of Theobroma grandiflorum (cupuassu) from Nova Ipixuna, Pará state, using microsatellite markers. Eight polymorphic microsatellite loci were analyzed in eight families, each represented by 10 six-month old seedlings derived from open-pollinated pods. The estimation for the multilocus outcrossing rate ( $ t m = 1.0) and individual outcrossing rate ( $ t = 1.0) for this population suggests that T. grandiflorum may be a perfect outbreeding (allogamous) species. Likewise, for the studied population the estimate for single locus outcrossing rate ( $ t s ) was elevated (0.946), but lower than $ t m , confirming the likely outcrossing character of the species and suggesting the occurrence of 5.4% biparental inbreeding rate ( $ t m -$ t s ). The estimation of genetic divergence ( $ F ST ) between allelic frequencies in ovules and pollen revealed a deviation from random mating in 75% of the evaluated loci. Likewise, the estimate of correlation of paternity ( $ r p = 0.930) and the mean coefficient of co-ancestrality within families ( $ θ xy = 0.501) indicated that the outcrossings were predominantly correlated, and the offspring were full-sibs. These results suggested that for this particular population of T. grandiflorum, the sampling strategy for genetic conservation and breeding should adopt specific models for families derived from correlated outcrossing (full-sibs) and not the ones usually adopted in classic outcrossing species breeding programs (half-sibs).
Introduction
The mating system of a plant species determines how the genetic information is transferred from one generation to the next (Wright, 1921) , fundamental information for genetic conservation and breeding programs. The knowledge about how genes will be combined in the next generation allows strategies to be established for selection of superior genotypes and to keep genetic variability for future use. In tropical ecosystems, earlier studies mistakenly suggested that self-fertilization was the predominant mating system, considering the asynchronous flower opening among plants (Baker, 1959) , or the difficulty of pollinator mobility through the complex structure of the dense forest (Fedorov, 1966) . Only after the study on pollen flow over long distances by Jansen (1971) and surveys conducted by Bawa (1974) , it was concluded that tropical trees present diverse mating strategies to avoid self-fertilization and favor outcrossing. In general, tropical trees are considered to possess a mixed mating system, mostly outbreeding (Murawski and Hamrick, 1992) . Most flowers of tropical species are hermaphrodite (Bawa, 1974; Silva 1996) , but there is a lack of information about the mating systems, especially for Amazonian species.
Theobroma grandiflorum (Willd. ex Spreng.) Schum. (cupuassu), is an important fruit tree, native to the Brazilian Amazon rainforest with its putative center of diversity located at the South/Southeastern region of Pará state (Cuatrecasas, 1964) . Cupuassu is diploid (2n = 20), relative of cacao (T. cacao), the species of major economic importance of the genus Theobroma (Malvaceae, sensu latu). The strong tropical flavor from the seed-surrounding pulp is highly appreciated in juices, ice cream, jams, candies, desserts and liquors (Calzavara et al., 1984) . The seed-pulp represents up to 40% of the fruit weight, while a product similar to cocoa powder (called "cupulate") can be obtained from fermented seeds (Ribeiro et al., 1992) .
Even in areas of naturally high cupuassu incidence, the highest tree density is around 1 to 2 individuals ha -1 , reaching 3.75 plants ha -1 (Homma et al., 2001) . Under natural Amazonian conditions, cupuassu blooms during the dry season (July to December), and produces fruits from August to April, with a major peak from January to March, the local rainy season (Prance and Silva, 1975) . Cupuassu flowers are hermaphrodite, but present extremely efficient anatomical barriers to avoid direct access of pollen grains from anthers to the stigma. Silva (1996) observed that 100% of spontaneous self-fertilization was avoided based only on hercogamy, and concluded that T. grandiflorum did not present agamospermy requiring pollination for pod set. In the related species Theobroma cacao (cacao), the presence of flower physical barriers favors cross-pollination, even for self-compatible individuals (Souza and Dias, 2001 ). All attempts to artificially self-fertilize cupuassu have failed (Silva, 1996; Alves et al., 1997a) , indicating that T. grandiflorum should also present a self-incompatibility mechanism with a strong trend for outcrossing as its predominant mating system (Venturieri, 1993; Venturieri and Ribeiro Filho, 1995; Silva, 1996; Alves et al., 1997a) . Addison and Tavares (1951) described a cupuassu tree, which was self-compatible and allo-compatible, able to cross-pollinate other Theobroma species.
Self-incompatibility is a common phenomenon in tropical species as an efficient system to avoid inbreeding (Bullock, 1985) . Theobroma species are no exception, and self-incompatibility has been widely described for T. cacao (Cope, 1962; Knight and Rogers, 1955) . Cacao presents a unique incompatibility system, in which the incompatibility reaction does not occur at the style and stigma or by inhibition of pollen tube growth, but by failure of gamete nuclei fusion in the embryo sac. This system exhibits sporophytic and gametophytic features. Incompatible matings, which lead to flower abscission 72 h after pollination, are characterized by the presence of non-fused nuclei in the ovary. Conversely, Aneja et al. (1994) worked with a self-compatible cacao genotype (IMC 30) and proposed that the self-incompatibility system occurs in two stages: pollen germination and gametic fusion. Similarly to Theobroma cacao, T. grandiflorum might present a pre-zygotic self-incompatibility system leading to flower abscission before zygote formation (Venturieri, 1994) .
Studies on mating systems have benefited from the development of biochemical markers, such as isozymes, since the 1970s. However, with the development of DNA markers, the establishment of mating systems became more precise. Microsatellite markers present great advantages for determining mating systems since these are co-dominant markers, multi-allele, robust, reliable and simple (Ferreira and Grattapaglia, 1996) . Allele frequencies can be estimated directly without requiring genetic crosses (Hamrick et al., 1979) .
The objective of this work was to define the natural mating system of Theobroma grandiflorum based on allele segregation of microsatellite loci in families derived from natural open-pollinated crosses in a wild population from Nova Ipixuna, Pará state, at the species putative center of diversity.
Material and Methods

Plant material
Samples were collected from a naturally occurring T. grandiflorum population from a dense rainforest in Nova Ipixuna, Pará state (4°53' S; 49°22' W). Budwood and leaves were collected from 40 mature trees in December 2001, and a random sub-sample of eight trees (bearing pods at the time of collection), together with ten 6-month-old seedlings from each individual were used in the present analysis.
DNA extraction
Samples of ca. 150 mg of leaf tissue were ground in liquid nitrogen and DNA was extracted using a protocol adapted from Doyle and Doyle (1990) , described by Figueira et al. (1997) . Briefly, ground leaf tissues were extracted with buffer [2% CTAB; 1.4 M NaCl; 100 mM Tris-HCl, pH 8.0; 20 mM EDTA pH 8.0; 1% polyvinylpyrrolidone MW10, 000; 0.2% β-mercaptoethanol; and 0.1 mg.mL -1 of proteinase K], mixed well and incubated at 55°C for 60 min. The solution was then extracted three times with chloroform: isoamyl-alcohol (24:1 v/v). DNA was precipitated from the aqueous phase adding an equal volume of cold isopropanol. The DNA was centrifuged, washed with 70% Ethanol to remove salts and allowed to air dry. The DNA pellet was resuspended in 20 µL TE buffer (10 mM Tris-HCl, pH 8; 0,1 mM EDTA) containing ribonuclease A (10 µg.mL 
Microsatellite analyses
The total reaction volume was 13 µL, containing 15 ng of genomic DNA; 50 mM KCl; 10 mM Tris-HCl (pH 8.8); 0.1% Triton X-100; 1.5 mM MgCl 2 ; 100 µM of each dNTPs; 0.2 µM of each primer and 1.2 units of Taq polymerase (Invitrogen do Brasil, São Paulo, Brazil). Ten primer-pairs (referred as primers throughout the text) developed for T. cacao by Lanaud et al. (1999) were used. The primers tested were synthesized by Invitrogen do Brasil. Amplifications were conducted on the Perkin Elmer GeneAmp 9600 or 9700 thermocycler (Applied Biosystems, Foster City, CA, USA), programmed initially as Lanaud et al. (1999) with a denaturing step at 94°C for 4 min, followed by 30 cycles of 40 s at 94°C; 60 s at 46 or 51°C; and 60 s at 72°C. Sequencing gels (6% polyacrylamide; 7 M urea) were run in TBE under standard conditions at 55 W for 2 h and the products were visualized by silver staining according to the procedure described by Creste et al. (2001) .
Statistical analyses
The mating system was analyzed based on the mixed mating model (Ritland and Jain, 1981) and sibling-pair model (Ritland, 1989) using the software MLTR (Ritland, 1997) . The estimated parameters were: 1. Multilocus outcrossing rate ( $ t m ) by maximum-likelihood using the expectation-maximization method; 2. Single locus outcrossing rate ( $ t s ); 3. Biparental inbreeding ( $ t m -$ t s ); 4. Individual multilocus outcrossing rate ( $ t); 5. Pollen and ovules allele frequencies; 6. Fixation index for maternal genotypes ( $ F m ); 7. Correlation of outcross paternity (1/ $ r p ); and 8. Probable number of pollinators (1/ $ r p ). The assumptions of the mixed mating model were the same as reported by Ritland and Jain (1981) . The standard error of the estimated parameters was obtained by 1,000 re-sampling bootstraps.
The test for random outcrossing was initially conducted by testing allelic frequencies of pollen and ovules for heterogeneity by estimating $ F ST (Wright, 1965) , used as a measure of genetic divergence between allele frequencies of the distinct groups. A chi-square test was employed to test the significance for each locus [χ 2 = 2n $ F ST (k-1); DF = (k-1)(s-1)], proposed by Workman and Niswander (1970) , where: n = number of gametes in both groups (pollen and ovules), k = number of alleles; and s = number of groups (in our case 2, pollen and ovules). The fixation index for all families ( $ F F ) and the mean co-ancestrality coefficient among plants within families ( $ θ xy ) were obtained from the analysis of variance of gene frequencies, and the confidence intervals were estimated by 10,000 re-sampling bootstraps, estimated using the software GDA (Lewis and Zaykin, 1999).
Results
All individuals from all families displayed at least one maternal allele, indicating that there was no seed contamination (data not shown). From the 10 microsatellite loci tested, eight were polymorphic, and two (CIR18 and CIR58) were monomorphic. The polymorphic loci segregated from 2 to 5 alleles, with a total of 25 alleles in the population (Table 1) . No exclusive allele was detected either for pollen or for ovules from the crosses. However, the estimation of genetic divergence between allele frequencies from ovules and pollen were not homogeneous for 75% of the loci, revealing a deviation from random mating ( Table  1) . Heterogeneity of pollen allele frequencies among maternal genotypes was detected for 75% of the loci, indicating non-random sampling of the pollen pool by each maternal tree.
The individual multilocus outcrossing rate for each maternal genotype was equal to 1 and did not vary among trees ( Table 2 ). The population multilocus outcrossing rate ( $ t m ) was equal to 1.0, indicating that T. grandiflorum appears to be a perfect outbreeding species. Similarly, the single locus outcrossing rate ( $ t s ) was high (0.946; Table 2 ), but significantly different from the multilocus outcrossing rate (1.0), considering the standard error of the mean (0.029), thus, suggesting that crosses among related individuals have occurred in the population. The estimated biparental inbreeding rate ( $ t m -$ t s ) was low (5.4%), but significantly different from zero, considering the standard error of the mean (Table 2) .
Mating system in Theobroma grandiflorum 375 The fixation index for maternal genotypes ( $ F m = 0.008) and within progenies ( $ F p = -0.096) were low and not significant, indicating the absence of inbreeding ( Table 2 ). The mean co-ancestrality coefficient among plants within families was close to the expected values from full-sib families ( $ θ xy = 0.251), and it was significantly different from zero, based on standard error. This result supports the hypothesis of bias from random mating. Similarly, the correlation of paternity ( $ r p ) was high and significantly different from zero (0.930), indicating that many of the offspring were derived from related crosses, sharing the same paternal and maternal genitor. The estimation of the probable number of pollinators (1/ $ r p = 1,07) was slightly superior to one, suggesting that, on average, two pollinators contributed to the crosses.
Discussion
The estimation of the multilocus outcrossing rate for the Nova Ipixuna natural population suggested that T. grandiflorum may be a perfect outbreeding species (1.0). Similarly, the estimation of the individual multilocus outcrossing rate was equal to one for all the maternal genotypes. The outcrossing rate for hermaphroditic species depends on the presence and intensity of self-incompatibility mechanisms; the degree of protoandry or protogyny; pollinators foraging behavior between and within the trees, which is affected by flowering density in the population and selective abortion of selfed seeds or fruits (Murawski and Hamrick, 1991) . Previous studies suggested that T. grandiflorum was probably an outbreeder species (Venturieri, 1994; Alves et al., 1996; Silva, 1996) . The T. grandiflorum flower anatomic structure presents physical barriers isolating the stigma from anthers, in addition to the complex self-incompatibility system, indicating that the species should be an outbreeder (Venturieri, 1993; Venturieri and Ribeiro, 1995) . Self-incompatibility systems seem to be common to all Theobroma species, and have been particularly studied in T. cacao (Cope, 1962; Knight and Rogers, 1955; Yamada et al., 1982) . Similarly to cacao, T. grandiflorum might present the self-incompatibility reaction at the ovary, pre-zygotic, leading to flower abscission before embryo formation. The absence of selfing in T. grandiflorum has been reported by various authors using either flower bud isolation (spontaneous selfing) or by controlled pollination with pollen from the same tree (Falcão and Lleras, 1983; Machado and Retto Júnior, 1991; Alves et al., 1996; Silva, 1996) . All results indicated that cupuassu presents a self-incompatibility system, but the elucidation of possible genetic control of this mechanism requires further studies.
The high multilocus outcrossing rate estimated for this natural population of T. grandiflorum (1.0) is comparable to ones described for other tropical tree species (Murawski et al., 1990; Murawski and Hamrick, 1992; Sebbenn et al., 2000; Seoane et al. 2001) . According to Seoane et al. (2001) , the occurrence of selfing in predominantly outbreeder species derives from deficiencies in the mechanism of self-incompatibility during the flowering period, favoring selfing during specific phases. For T. grandiflorum, Silva (1996) did not observe any variation in 376 Alves et al. Confidence interval at 99% probability estimated by 10,000 bootstrap re-sampling.
self-incompatibility during the flowering period. In general, tropical tree species have demonstrated that they have a mixed mating system with the predominance of outbreeding and an outcrossing rate above 85%. Plants with long life span, such as these trees, tend to accumulate large somatic mutations and selfing could lead to extinction. Thus Lande and Schemske (1985) hypothesized that natural selection might have driven these species to a high outcrossing rate.
The estimation of genetic divergence ( $ F ST ) between the allele frequencies of pollen and ovules (maternal x paternal) indicated deviation from random mating for most of the loci (75%). Differences in allele frequencies between maternal and paternal genotypes have been observed in various studies on tree species mating systems (Murawski et al., 1990; Khasa et al., 1993; Lee et al., 2000; Sebbenn et al., 2000; Rocha and Aguilar, 2001) . These deviations in a perfect outbreeder species (t = 1) have important implications on breeding and conservation strategies. The deviations increase the levels of within-progeny relationship above that expected from random outcrossing, overestimating genetic parameters, such as heritability and genetic gains for selection (Namkoong, 1966; Squillace, 1974) . In genetic conservation programs, these deviations imply that sample size should be larger than retained if crosses were random, since the increased relationship within families reduces the effective population size.
The correlation of the paternity estimate was high (r p = 0.930), suggesting that most of the offspring were full-sibs. Few studies with tropical tree species have reported estimation of correlation of paternity. The r p estimation for Esenbeckia leiocarpa populations ranged from 0.749 to 0.986 . For Cariniana legalis populations, the correlation of paternity estimated ranged from 0.212 to 0.324, while for Tabebuia cassinoides, it varied from 0.295 to 0.547 . The causes for correlated outcrossing might derive from pollinator behavior, visiting mostly neighboring trees; polyandry or deposit of multiple pollen grains from one pollinator; small number of close neighboring trees (Sun and Ritland 1998) ; or flower asynchrony among trees (Murawski, 1995) . Many of these factors might have contributed to the high rate of correlated outcrossing observed for T. grandiflorum. Considering that pollen and stigma viability are practically the same in cupuassu (Silva, 1996) , the low population density, associated with flowering asynchrony, might be the likely cause for the observed correlated outcrossing. Alves et al. (1997b) investigated an ex situ collection of T. grandiflorum and detected significant differences among accessions for flower production and blossom period. Murawski and Hamrick (1991) observed that for low-density populations of trees, the pollen in crosses were less diversified (multiple origins) than in higher density populations. Environmental variations can affect pollinator behavior and/or density, affecting the outcrossing rate of the species in distinct populations (Murawski, 1995) .
The estimated multilocus outcrossing rate (1.0), combined with the high paternity correlation (r p ) allowed to conclude that approximately 93% [ $ t m r p ] of the offspring derived from correlated outcrossing (full-sibs) and only 7% [ $ t m (1 -r p )] derived from random mating, related as halfsibs. The estimated number of effective pollinators (1/r p ) did not exceed to two. Thus, the T. grandiflorum families in this population are mainly full-sibs. Likewise, the estimated value for co-ancestrally within families ( $ θ xy = 0.251) was close to the expected value for full sib families (0.25).
No inbreeding was detected for the maternal genotypes ( $ F m = 0.008) and families ( $ F F = -0.096). Because it was estimated that 5.4% of crosses occurred among relatives, a small inbreeding rate was expected.
Families from open-pollinated crosses are mostly considered as random mating, resulting in half-sibs. The observed results discard this hypothesis, demonstrating that most families are full-sibs. As a result, the additive genetic variance and related parameters, such as heritability and selection gain will be overestimated if the families are assumed to be half-sibs (Namkoong, 1966; Squillace, 1974) . In families derived from open-pollination, collected from populations without inbreeding and relationships, the genetic correlation within families (r xy ) estimates one fourth of the additive genetic variance (Namkoong 1966) . However, if correlated outcrossing occurred, such as observed here, the correlation r xy , is not one fourth. Substituting the estimated parameters in Table 2 , r xy in the model proposed by Ritland (1989) value is equal to 0.482, about twice the value expected for half-sib families (0.25). Further, the correlation coefficient is twice the co-ancestrality coefficient among plants within families (Falconer and Mackay, 1997) , resulting in $ θ xy = 0.243, similar to the coefficient of co-ancestrality estimated by the analyses of variance of allele frequencies (0.251; Table 2 ), confirming the conclusion that the families are full-sibs. The mixed system strongly affects the estimation of effective population size (N e ). For instance, assuming absence of inbreeding and relationships in the parental generation, and collecting an infinite number of seeds from eight trees, the effective size would be approximate to 4m, where m is the number of families, and $ N e = 32. On the other hand, based on the same previous conditions, using the equation of effective size of variance derived from Cockerham (1969) where $ θ xy is the average co-ancestrality coefficient within the family; n is the total sample size (assuming infinite 1.000), and $ F p is the fixation index in the families. Substituting the values estimated in Table 2 , the effective size is 16.5. Thus, the esti-mated effective population size considering the parameters of the mating system is about 50% less than expected from random mating ( $ N e = 32). These results demonstrate that it is fundamental to have previous knowledge of mating systems of a species in breeding programs and ex situ genetic conservation programs. Therefore, for T. grandiflorum genetic conservation, it would be necessary to collect seeds of about 25 trees to retain the effective size of 50, a normal standard used for short term conservation.
In conclusion, our results based in this specific natural population, suggested that T. grandiflorum may be a predominantly outbreeding species and the data suggested that the outcrossings were predominantly correlated, with full-sib offspring. These results should be considered to define the sampling strategy for T. grandiflorum. genetic conservation and breeding. Definite conclusion about the T. grandiflorum mating system requires further analyses of other natural populations.
